Background The nature of the association between birth weight and behavioural problems in adolescence is unclear. Recent studies are limited by their capacity to adjust for important obstetric and measurement issues.
Aim
To examine the nature of the association between birth weight and a range of behavioural symptoms, including anxiety/depression and social problems, in adolescence.
Methods
Data from 4971 mothers and their children participating in the Mater University Study of Pregnancy (MUSP), a prospective, population-based birth cohort, are presented. This study commenced in Brisbane, Australia, in 1981. Mothers and their children were followed up at 3-5 days post-birth, and 6 months, 5 years and 14 years after the initial interview. Internalizing and externalizing behaviour problems, social problems and anxiety/depressive symptoms were assessed using Achenbach's Youth Self Report (YSR) of the Child Behaviour Check List (CBCL).
Results
There was no evidence of a linear association between birth weight and behavioural symptoms, when birth weight z-scores were examined as a continuous variable. However, a non-linear association was identified when birth weight z-scores were categorized into quintiles. Children in the lowest and highest quintiles were at higher risk of increased anxiety/depressive and social problems symptoms. After adjustment for potential confounders, birth weight showed a non-linear association with the log odds of social problems {Quintile 1 odds ratio (OR) 1.59 [95% confidence interval (CI) 1.13, 2.23] Quintile 5 OR 1.57 (95% CI 1.12, 2.20)}.
Conclusions Our findings provide further support for an association between birth weight and some adolescent behaviour problems. This association is likely to be non-linear, affecting babies at both the lower and higher ends of the birth weight distribution.
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Introduction
There is increasing evidence suggesting that the fetal environment may play a role in the development of adult psychiatric disorders. [1] [2] [3] [4] [5] [6] [7] Some studies, 6, 7 though not all, 5 have found inverse associations between low birth weight and symptoms of psychological distress, 1, 3, 7 psychiatric disorders 4 and hospital admissions for psychiatric disorders. 6 It is, however, unclear whether there is also an association between fetal growth restriction and child problem behaviour-undoubtedly a precursor of adult psychopathology. Some studies found that babies born at the very low end of the birth weight distribution (i.e. babies 41500 g) are more likely to be at increased risk of attention problems and attention deficit/hyperactivity disorders. 8 The evidence is more limited as to the existence of an independent association between low birth weight (LBW 4 2500 g) and increased symptoms of behaviour problems in childhood. One study found that LBW babies were at increased risk of developing attention deficit hyperactivity disorders by the time they were 6 years old, 9 and other studies found inverse associations between LBW and psychiatric symptoms in older children and adolescents. [10] [11] [12] [13] In some studies, the association was attenuated by adjustment for social class status. 11, 13 More recently, analysis based on the Avon Longitudinal Study of Parents and Children (ALSPAC) found the association of birth weight with behaviour at 81 months was no longer evident after adjustment for birth length. 14 Mechanisms underlying these relationships remain unclear. An association of birth weight with behaviour could be biological, directly resulting from changes that occurred during the in utero neurological development. Alternatively, it could be due to the residual confounding effect of environmental or maternal exposures that correlate with reduced fetal growth. Though more recent studies have allowed for comprehensive adjustment for important confounders, notable methodological limitations in several existing studies still include lack of data on full gestation and the use of parental or teacher's reports instead of children's own self-reports. Another weakness in the existing literature includes lack of adjustment for maternal psychological health status during pregnancy, an independent predictor of both adverse obstetric outcomes 15, 16 and symptoms of psychopathology in offspring. 17 If an inverse association between birth weight and behaviour does in fact exist, an associated and unanswered question is whether the association is linear. Most studies have not investigated this, as arbitrary cut-offs have been applied in order to focus on the effect of LBW or very LBW on behaviour. 3, [9] [10] [11] The few studies that have explored the whole spectrum of the birth weight effect or a wider range of the birth weight distribution have found a reverse j-shaped association between birth weight and behaviour, such that increased behaviour symptoms may be apparent at the higher end of the birth weight distribution as well as at the lower end. 13, 18, 19 In this article we will use data from the Mater University Study of Pregnancy (MUSP) and its outcomes to ask two questions. First, we examine whether there is an association between birth weight and a range of subjective assessments of behaviour symptoms in adolescence taking into account a wide range of prenatal confounding factors. Secondly, we aim to assess the nature of existing relationships between the whole spectrum of the birth weight distribution and specific behaviours.
Methods Participants
The MUSP is a birth cohort study of mothers and children enrolled at the first antenatal visit (FCV) at the Mater Misericordiae Hospital (Brisbane, Australia) between 1981 and 1984. Participants were followed up at 3-5 days, 6 months, 5 and 14 years after the birth. 7223 live singleton babies (52% males) constitute the MUSP birth cohort. In this article we present data from the antenatal visit, obstetric records at birth and the 14-year follow-up.
Outcome measure
Child's behaviour at age 14 At the 14-year follow-up, child behaviour was assessed using the eight-syndrome subscales of the Youth Self Report (YSR) version of the Child Behaviour Check List. 20 Adolescents were asked 'Which best describes your behaviour in the last six months? (''true'', ''sometimes true'', ''rarely/never'')'. The YSR subscales include the withdrawn, somatic complaints and anxious/depressed symptoms subscales (summed to generate the 'internalizing' symptoms scale), the delinquent and aggressive behaviour subscales (summed to generate the 'externalizing' symptoms subscale) and three additional subscales, the social problems, the thought and attention problems subscales, which are not part of either the internalizing or externalizing scales. Higher values on each subscales indicated increased behaviour symptoms. Validation studies with both clinical and population samples have reported factor structures and reliability estimates consistent with Achenbach's data. 20 The use of the YSR subscales in the MUSP study, and its validity and internal consistency have been extensively described in previous papers. 21 More detailed analysis was conducted using the Anxiety/Depression and Social Problem subscales of the YSR. 20 For both subscales, adolescents were asked 'Which best describes your behaviour in the last six months? (''true'', ''sometimes true'', ''rarely/ never'')'. The Anxiety/Depression subscale is one of the three subscales that comprise the internalizing scale of the YSR. It is made up of 16 items and in this sample it yielded a Cronbach's a of 0.84. The Social Problems subscale contains eight items that assess immature, dependent or socially incompetent behaviour with adults and peers. The scale obtained a Cronbach's a of 0.61 in this sample. These two subscales were used as both continuous and dichotomous variables to explore further the presence or absence of linearity in the relationships with birth weight.
Predictors and confounders
Birth weight, gestational age (in weeks) and parity (no previous births, one or two births, three or more births) were extracted from the obstetric records. Fetal growth rate was estimated by calculating internally standardized sex and gestational age z (standard deviation) scores. This variable was split into quintiles and used as an ordinal variable to explore non-linear associations. (Quintile 1 ¼ lowest birth weight and Quintile 5 ¼ highest birth weight.)
The socio-economic status was measured using maternal age (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) and 535 years), mothers' education (completed post-high, completed high and uncompleted high) and ethnicity (White, Asian and Aboriginal/Torres Strait Islander) obtained at the antenatal visit (mean ¼ 18-week gestation). Marital status (single, living together, married and separated/divorced/widowed), tobacco use in the previous week (nil smoked, smoker) and alcohol use (abstainers; 0-0.5 glass a day; 41 drinks a day) were assessed at pregnancy and the 14-year follow-up phases.
At the antenatal visit and the 14-year follow-up, maternal depression and anxiety were assessed using the Delusions-Symptoms-States Inventory (DSSI). 22 The DSSI was developed by clinicians and validated against a clinical sample. The DSSI contains two seven-item subscales measuring depression and anxiety. 23 The instrument correlates well and shares items with other measures of depression and anxiety such as the Edinburgh Postnatal Depression Scale (EPDS) and the Hospital Anxiety/Depression Scale (HADS). 24 More recent studies suggest validity of the DSSI for detecting major depressive episodes. 25 Symptoms of depression and anxiety were defined as reporting four or more of the seven symptoms in the DSSI Depression and Anxiety Subscales.
Data analysis
Chi-squared tests were first used to explore unadjusted associations between weight at birth expressed in fifth of its distribution and the eight Achenbach's subscales dichotomized with a 10% cut-off consistently with Achenbach's categorization. For those subscales where an association was detected, we presented means and standard deviations of behaviour scores and other potential confounders split into quintiles of child's birth weight z-score and tabulated by the main confounders. We used linear regression to estimate mean differences and 95% confidence intervals (CIs) in behaviour scores across the birth weight categories to assess the independent effect per category respectively of birth weight with behaviour. Multivariable linear regressions were carried out using four progressive models. Model 1 included adjustment for maternal parity and child age. For the subsequent models, we used measures collected at baseline to investigate whether any association between birth weight and behaviour was due to existing socio-economic factors or established factors operating during the fetal period. Model 2 added maternal socio-economic position (maternal age, education and marital status) measured at baseline. Ethnicity was also included as a marker of Socio Economic Position, in consideration of the well-established socio-economic disadvantage of both Asian and Aboriginal/Torres Strait Islander groups in Australia. Then we took into account patterns of maternal lifestyle during pregnancy, such as alcohol and tobacco consumption (Model 3). In the fully adjusted model, we added maternal anxiety and depression measured during pregnancy (Model 4), as evidence suggests associations between maternal depressive symptoms and poor obstetric outcomes. 15, 16 The same analytical approach was used in the logistic regression analysis to examine associations between birth weight and higher behaviour symptoms (defined as those scoring in the top 10% of the Achenbach scales). Adjusted analysis was conducted on a restricted sample of 4971 participants with complete data on all measures.
In order to ascertain whether there was support for linear associations between fetal growth and behaviour, we entered birth weight as standardized z-score, adjusted for gestational age. Non-linear associations were explored by categorizing birth weight into quintiles [with those in the middle of the distribution (third quintile) forming the reference category]. Statistical support for non-linearity was first examined using a likelihood ratio test (where a model in which the birth weight quintiles were entered as indicator variables was compared with a model in which the quintiles were entered as an ordinal score). Having ascertained that there was statistical support for non-linear associations, we then fitted Generalised Additive Models (GAMs) 26 using the GAM procedure available in STATA 10 statistical program (StataCorp LP). GAMs are semi-parametric models that allow fitting of the effect of a covariate using cubic smoothing splines; this produces a 'gain' statistic, and its associated P-value. The 'gain' is the difference in deviance between the GAM and a model with a linear term and provides a measure of the significance of any non-linearity. 27 The distribution of the Achenbach continuous scores scales was positively skewed. In order to ensure that our analyses were not biased by lack of normality, we found that a logarithmic transformation achieved data normalization. We repeated all analysis using the logarithms of the raw scores and compared them with the original scale scores. Since the two sets of estimates did not differ substantively, we present here the untransformed rather than the transformed results. In sensitivity analysis we adjusted for contemporaneous socio-economic and other confounders (maternal marital status, anxiety, depression, alcohol and tobacco use) to assess whether errors in measuring these factors at baseline might have introduced bias in our results. Finally, we excluded from the analysis 73 cases for which gestational complications were recorded in the obstetric data.
Loss to follow-up
The analyses reported in this study were conducted on 4971 complete cases; $69% of the original birth cohort sample. Although this level of missingness is comparable with that of similar birth cohort studies, it may still introduce bias in our results. We used an exploratory logistic regression model to identify predictors of attrition. Those lost to follow-up were more likely to be born of mothers who were less educated (P < 0.001), more likely to be single (P < 0.001), to smoke (P < 0.01) and to be anxious (P < 0.001). In order to assess possible attrition bias, we conducted multivariate multiple imputation, using chained equations. We used the STATA procedure developed by Royston, 27 with 10 cycles of regression switching and generated 10 imputation datasets. Variables used in the imputation models included all available measures of maternal alcohol and tobacco use, all indicators of socio-economic position, birth weight, gestational age, mothers and partners' education and maternal parity. We repeated the multivariable regression analyses on the imputed datasets.
28,29
Results Table 1 shows the unadjusted associations between birth weight expressed in quintiles and the eight Achenbach behaviour symptoms scales. There was an association with the generalized internalizing behaviour scale. Further inspection of the behaviour symptom subscales found that associations were apparent with the anxious/depressed and social problems subscales. Further analyses were conducted on these two subscales. Tables 2 and 3 show means and standard deviation of anxious/depressed behaviour and social problem symptoms with birth weight expressed as z-scores (adjusted for gestational age and child's sex) and a range of possible confounding factors. There were associations between maternal socio demographics and lifestyle factors (age, education, marital status and tobacco use) and birth weight. Table 4 shows multivariable associations between birth weight z-score (expressed in quintiles) and selected behaviour symptom scores at age 14 ( ¼ regression coefficient with 95% CI). There was no evidence of a linear association when birth weight was entered as a continuous z-score variable in all analyses. In the fully adjusted models, the mean differences of anxious/depressed symptoms and social problem symptoms with birth weight z-score were À0.06 (À0.19, 0.07) and À0.01 (À0.07, 0.06), respectively. There was evidence of non-linearity in the association using both likelihood ratio tests and GAMs, such that children in both the lowest and highest end of the birth weight distribution were at increased risk of reporting higher scores of anxiety, depression and social problems symptoms. presents graphically the prediction from GAMs for the relationship between birth weight z-score (excluding residuals outside the range of À3 and þ 3 of the distribution) and social problems symptoms scores. The non-linear trend implies that in the range from À3 to 0.2 SD, social problem symptoms showed a linear decline with birth weight (adjusted for GA). Above 0.5 SD, social problems increased somewhat with birth weight, but at a slower rate. When using logistic regression to analyse the odds of increased risk of Table 4 Multivariable associations between birth weight z-scores split into quintiles ( ¼ regression coefficient with 95% CI) and selected behaviour symptom scores at age 14 (complete case analysis n ¼ 4971) anxious/depressed and social problem symptoms, we found birth weight showed non-linearity with the log odds of social problems, but not with being anxious/ depressed (Table 5) . Additional analyses where we used contemporaneous measures of socio-economic position to further explore confounding, showed that the overall findings were similar to those presented in the main analysis of the article (see Supplementary Table 1 available as supplementary data at IJE online). A sensitivity analysis, in which we excluded 73 cases for which gestational complications were recorded in the obstetric data, yielded the same results. Replication of the analyses conducted on the inputed datasets produced similar results to those presented here (tables available on request from the corresponding author).
Discussion
In this study we examined the relationship between birth weight and a range of self-reported behaviour problems in adolescence, taking into account important prenatal confounding factors. Our main finding is that birth weight z-scores were associated with anxious and depressive symptoms and with symptoms suggesting socially incompetent behaviour. In the analysis reporting the number of symptoms, there was a non-linear association with both ends of the birth weight distribution such that babies born in the lowest (first quintile) and highest (fifth quintile) birth weight range were at greatest risk of reporting greater number of symptoms when compared with those in the mid-range. This relationship remained after more stringent tests were conducted. We found no association between birth weight z-scores and externalizing behaviours, such as aggression and delinquency or attention or thought problems as identified using the YSR of Achenbach CBCL. Our findings were virtually unchanged after adjustment for maternal socio-economic position and alcohol and tobacco use in pregnancy. Adjustment for socio-economic position using the indicators available in this study may be inadequate to fully account for socio-economic disadvantage. As such, it is still possible that residual confounding due to socio-economic factors that we were not able to measure may explain the association we found in this study. It is also possible that since all our measures of socio-economic factors were self-reported, measurement error may have affected our findings. In order to investigate this further, we repeated our analyses using contemporaneous socio-economic measures, where available. Adjustment for these factors did not vary our results substantively (see Supplementary Table 1 available as supplementary data at IJE online). This provides some confidence in the robustness of our findings, which are overall consistent with those of other studies where adjustment for these factors did not remove the association between birth weight and behaviour. [30] [31] [32] [33] There has been increasing support for the hypothesis that gestational 'stress' or maternal mental health problems may potentially lead to emotional problems later in life via LBW. 33 In our study, adjustment for maternal anxiety and depression during pregnancy or post-natally did not change the relationship of birth weight with some specific behaviour problems, suggesting that birth weight is directly associated with behaviour rather than being on a causal pathway leading from maternal stress to child's behaviour problems.
Our results were specific to two Achenbach subscales: the anxious/depressed and the social problem subscales with non-linearity being more pronounced in the association of birth weight with social problem symptoms. There are two possible explanations for this finding. The fact that birth weight was nonlinearly associated with the anxious/depressed and the social problem subscales only, and not with other subscales, might indicate that this is a chance finding. Despite adjustment for a range of prenatal and post-natal factors, it is possible that this nonnull association is explained by residual confounding. On the other hand, the relationships we found may be specific to some aspects of child behaviour. There has been considerable effort in exploring whether the Achenbach behaviour scales can be used as prognostic tools in childhood to predict later psychopathology. There is consensus in the available literature that the YSR has a good ability to predict psychopathology, 34 but the ability of its sub-scales to predict specific psychiatric disorders is unclear. Good convergence between specific behaviour scales and relevant outcomes from structured diagnostic interview assessment would support a pathway pointing to an association linking birth weight with adult psychopathology, [35] [36] [37] possibly mediated via early behavioural difficulties. One study has confirmed high convergence between the YSR anxious/depressed subscale and a diagnosis of major depression 3 and found high convergence between the YSR social problem subscale and a diagnosis of multiple anxiety disorders. In another study, externalizing symptoms were strongly predictive of disruptive disorders 10 years later, 38 but no association was seen with mood and anxiety disorders. Taken together with the limitations of this and other studies undertaken in this area, our findings suggest firstly that associations with fetal growth may be specific to mood and anxiety-but not disruptive-disorders, and secondly that this association may become apparent in early adolescence via higher symptoms of anxious, depressive and social problem behaviours. Future studies with better capacity to assess this pathway are needed for this interpretation to be confirmed.
Our study adds to the existing evidence in that we found a relationship with both the lower and higher end of the birth weight distribution, such that both those born with low and high birth weight were at increased risk of experiencing higher internalizing symptoms in adolescence. This is consistent with recent findings of U-shaped relationships between fetal growth and cardiovascular disease risk in childhood 39 and birth weight and all-cause mortality in adulthood. 40 Our study suggests a similar association may also be apparent with behavioural precursors of affective or anxiety disorders. 41 Our findings are supported by limited existing evidence. Using data from the 1970 British Birth Cohort Study, Gale and Martyn found little evidence for a linear association, but rather identified a threshold effect in 16-year-old male participants weighing <2.5 kg at birth. 3 Evidence of a non-linear association between birth weight and stress at age 18 was also apparent in a linkage study of Swedish conscripts, 19 as well as in another study also based on the British Birth Cohort study.
Since all the studies in which these associations were found (including the present study) were all based on very large samples, it is possible that great statistical power is needed to detect associations between birth weight and adverse outcomes in particularly large babies. These consequences may be due to difficult delivery for high birth weight babies. In order to explore whether this was a likely mechanism, we excluded from the analysis 73 cases for which gestational complications were recorded in the obstetric data. Analyses conducted excluding these cases did not substantively change our findings, which suggest that birth complications due to difficult delivery in higher birth weight babies are unlikely to drive the association between birth weight and behaviour reported here. Future large studies where these mechanisms can be further explored are needed to shed more light on the nature of the association.
Strength and limitations
This study has several strengths. An important strength is that it is a large birth cohort study, with enough statistical power to assess associations between the whole spectrum birth weight and behaviour symptoms. Secondly, subjective assessments of behavioural symptoms were available in the form of adolescents' self-reports, whereas the majority of existing evidence has relied upon indirect assessments (parental or teachers' reports). Thirdly, this is one of the first studies to be able to account for the impact of in utero exposure to symptoms of anxiety and depression on the association between birth weight and behaviour symptoms. The main limitation of our study is loss to follow-up, with those who completed the 14-year assessment being different for several of our explanatory factors compared with those who were still in the study. However, when we used multiple imputation to account for possible selection bias, we found that the results were essentially the same as those presented, suggesting that the associations we have found are not explained by selection bias resulting from loss to follow-up.
Conclusion
In conclusion, we found an association between birth weight and some domains of behaviour in adolescence. There was a suggestion of non-linearity, such that both babies born at the lower and higher end of the birth weight distribution were more likely to report higher symptoms. In Western high-income populations, the increase in the risk of behaviour problems amongst large babies needs to be further explored.
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